Abstract-Orthogonal frequency division multiplexing (OFDM) is a widely recognized modulation scheme for high data rate communications. However, the implementation of OFDM-based systems suffers from in-phase and quadrature-phase (IQ) imbalances in the front-end analog processing. Such imbalances are caused by the analog processing of the received radio frequency (RF) signal, and they cannot be efficiently or entirely eliminated in the analog domain. The resulting IQ distortion limits the achievable operating SNR at the receiver and, consequently, the achievable data rates. The issue of IQ imbalances is even more severe at higher SNR and higher carrier frequencies. In this paper, the effect of IQ imbalances on multi-input multioutput (MIMO) OFDM systems is studied, and a framework for combating such distortions through digital signal processing is developed. An input-output relation governing MIMO OFDM systems is derived. The framework is used to design receiver algorithms with compensation for IQ imbalances. It is shown that the complexity of the system at the receiver grows from dimension ( ) for ideal IQ branches to (2 2 ) in the presence of IQ imbalances. However, by exploiting the structure of space-time block codes along with the distortion models, one can obtain efficient receivers that are robust to IQ imbalances. Simulation results show significant improvement in the achievable BER of the proposed MIMO receivers for space-time block-coded OFDM systems in the presence of IQ imbalances.
I. INTRODUCTION
O RTHOGONAL frequency division multiplexing (OFDM) is a widely adopted modulation technique for high-speed wireless communications. The OFDM-based physical layer has been chosen for several standards, such as the IEEE 802.11a wireless local area network (WLAN) in the 5-GHz band, the IEEE 802.11g wireless local area network (WLAN) in the 2. 4 GHz band, and the European digital video broadcasting system (DVB-T). It is also under consideration as the high rate alternate physical layer to the draft IEEE P802.15.3 wireless personal area network (WPAN), the IEEE 802.20 mobile broadband wireless access (MBWA), and the IEEE 802.16 wireless metropolitan area networks (WirelessMAN). Considering the [1] . The associate editor coordinating the review of this manuscript and approving it for publication was Dr. Athina Petropulu.
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large demand for such systems, a low-cost, low-power, and fully integrated implementation of these standards is a challenge for the future high-speed wireless networks. One limiting issue in implementing wireless systems is the impairment associated with analog processing due to component imperfections. The impairment in the analog components is mainly due to fabrication process variations, which are neither predictable nor controllable, and tend to increase as the fabrication technologies scale down [2] . Most of the impairments can be neither efficiently nor entirely eliminated in the analog domain due to power-area-cost tradeoffs. Therefore, an efficient compensation scheme in the digital baseband domain would be highly desirable for wireless receivers.
A major source of impairments in wireless system implementation is the imbalance between the In-phase (I) and Quadrature-phase (Q) branches or, equivalently, the real and imaginary parts of the complex signal, as explained in [4] . The IQ imbalance is basically any mismatch between the I and Q branches from the ideal case, i.e., from the exact 90 phase difference and equal amplitudes between the sine and cosine branches [5] . The performance of a receiver can be severely limited by such IQ imbalances. 1 The approach developed in this paper for compensating IQ imbalances extends the method of [4] from the SISO case to MIMO systems. The motivation for the approach is as follows. 1) Perfect IQ matching is not possible in the analog domain, especially when low-cost fabrication technologies are used [6] . 2) As the carrier frequencies increase, the IQ imbalances become more severe and more challenging to eliminate. The increase in carrier frequencies translates to higher IQ imbalances, and the trend in communications systems is to utilize more bandwidth and higher carrier frequencies.
3) The impairments in analog processing tend to increase as integrated circuit technologies, such as complementary metal-oxide semiconductor (CMOS) technology, are being more widely adopted for analog processing due to their cost advantage and ease of integration with digital baseband processing [4] . 4) Efficient techniques can be developed in the digital domain to eliminate mismatches introduced in the analog domain. Note that such mismatches vary from chip to chip and are not predictable. 5) As higher data rates are targeted, higher constellation sizes are needed, and higher operating SNRs are to be guaranteed in order to support high density constellations.
Higher SNR requirements translate to tougher IQ matching requirements. 6) MIMO systems can provide higher effective SNR and, consequently, higher data throughput by enabling higher density constellations. At high SNR values, however, the BER performance of the system is more severely affected by IQ imbalances, requiring some type of compensation. Likewise, the gain achieved by space-time coded MIMO systems compared to SISO systems is more significant at high SNR values.
For all the above reasons, it is desirable to develop reception techniques in the digital domain that help eliminate the effect of IQ imbalances in wireless receivers. The effect of IQ imbalances on SISO OFDM systems and the resulting performance degradation have already been investigated in [7] and [8] . Several compensation schemes have been developed in [3] and [9] - [11] . However, studying the effect of IQ imbalances on MIMO OFDM systems is more demanding. The purpose of this paper is to study the effect of IQ imbalances on MIMO systems and to develop a framework to design MIMO receiver architectures that are robust to IQ imbalances. The contribution of the paper is twofold. First, the input-output relation governing MIMO OFDM systems with IQ imbalances is derived. This relation is derived as a function of MIMO channel and physical parameters modeling IQ imbalances. It is shown that the system of equations governing the input-output relation for uncoded MIMO OFDM systems with IQ imbalances extends from dimension in the case of ideal IQ branches to in the presence of IQ imbalances. Here, and denote the number of receive and transmit antennas, respectively. Second, the behavior of space-time block coded systems in the presence of IQ imbalances is studied. By exploiting the structure of orthogonal space-time codes, efficient receiver architectures that are robust to IQ imbalances are derived. They achieve a performance close to ideal receivers. In particular, a receiver architecture is proposed for Alamouti-coded OFDM systems with compensation for IQ imbalances. The proposed scheme is further extended to other orthogonal space-time block codes. It is shown how the code structure and the distortion model can be exploited in the design of efficient and optimal receivers. The paper is organized as follows. Section II briefly describes the model used for IQ imbalances and formulates the effect of IQ imbalances on SISO OFDM receivers. In Section III, the formulation is used to develop a framework and to study the effect of IQ imbalances on MIMO OFDM systems. Space-time blockcoded MIMO systems with imbalances are studied in Section IV. An efficient receiver for an Alamouti-coded OFDM system with compensation for IQ imbalances is proposed in Section V. The receiver architecture is extended to other orthogonal space-time block codes in Section VI. Some issues regarding the channel/distortoion estimation and frequency-selectivity of imbalances are addressed in Section VII. Simulation results are presented in Section VIII. Conclusions are given in Section IX.
Notation: All matrices are denoted in capital boldface letters.
II. PROBLEM FORMULATION FOR SISO OFDM SYSTEMS
We review, in this section, the formulation of [3] in preparation for the extention to the MIMO case. Thus, let represent the received complex signal before being distorted by the IQ imbalance caused by the analog signal processing. The distorted signal in the time domain can be modeled as [7] , [8] (1) where the distortion parameters and are related to the amplitude and phase imbalances between the I and Q branches in the RF/Analog demodulation process. A simplified model for this distortion, assuming an amplitude imbalance and a phase imbalance between the I and Q branches of the mixer, can be derived. For such a case, the and parameters can be written as [8] (2) where and are, respectively, the phase and amplitude imbalance between the I and Q branches. The phase imbalance is any phase deviation from the ideal 90 between the I and Q branches. The amplitude imbalance is defined as where and are the gain amplitudes on the I and Q branches. When stated in decibels, the amplitude imbalance is computed as . For instance, an amplitude imbalance of 0 dB corresponds to the ideal case of
. The values of and are not known at the receiver since they are caused by manufacturing inaccuracies in the analog components.
The effect of IQ imbalances on an SISO OFDM system has been discussed in [9] - [11] . A derivation of the OFDM signals in the presence of IQ imbalances using the formulation of and [3] is reviewed below. This formulation will help us extend the results to the MIMO case.
In OFDM systems, a block of data is transmitted as an OFDM symbol. Assuming a block size equal to (where is a power of 2), the transmitted block of data is denoted by col (
Each block is passed through the IDFT operation (4) where is the unitary discrete Fourier transform (DFT) matrix of size , which is defined by A cyclic prefix of length is added to each transformed block of data and then transmitted through the channel; see Fig. 1. An FIR model with taps is assumed for the channel, i.e., col (
with in order to preserve the orthogonality between tones. At the receiver, the received samples corresponding to the transmitted block are collected into a vector, after discarding the received cyclic prefix samples. The received block of data before being distorted by IQ imbalances can be written as [12] : (6) where
is an circulant matrix. It is known that can be diagonalized by the -point DFT matrix as , where diag (8) and the vector is related to via (9) Then, (6) gives diag (
The received block of data after being distorted by IQ imbalances will be transformed into [using model by (1)] conj (11) where the notation conj denotes a column vector whose entries are the complex conjugates of the entries of . Now remember that the -point DFT of the complex conjugate of a sequence is related to the DFT of the original sequence through a mirrored relation (assuming and ):
For notational simplicity, we denote the operation that gives the DFT of the complex conjugate of a vector by the superscript , i.e., for a vector of size , we write . . .
so that if then conj (14) Now, from (6), we have conj conj conj conj (15) where conj is a circulant matrix defined in terms of conj , as in (7). In a manner similar to (8) , (9), and (14), we have conj (16) and conj diag (
Substituting the above into (15) results in
where conj is replaced by using (4) and the conjugatemirrored notation defined by (12) .
Let us now consider a receiver that applies the DFT operation to the received block of data , as is done in a standard OFDM receiver. Applying the DFT matrix to (11), i.e., setting , and substituting (10) and (18) into (11) 
where is a transformed version of the original noise vector . As seen from (19), the vector is no longer related to the transmitted block through a diagonal matrix, as is the case in an OFDM system with ideal I and Q branches. There is also a contribution from . Discarding the samples corresponding to tones 1 and , i.e., and , and defining two new vectors col col (20) then (19) gives (21), shown at the bottom of the page, where is related to in a manner similar to (20) . Note that the matrix in (20) is not diagonal, as is the case for in (10) , although it collapses to a diagonal matrix by setting equal to zero. Equation (21) can be reduced to 2 2 decoupled subequations, for , where each is written as (22) where
The objective is to recover from in (22) for or, equivalently, from in (21). Several algorithms, adaptive and otherwise, for estimating channel/disortion parameters and recovering the were proposed in [3] . The situation is more challenging in the MIMO case. The objective of this paper is to describe and address the difficulties that arise in the MIMO case. The paper will also show how to exploit the structure of space-time block codes in order to simplify the resulting MIMO OFDM receivers in the presence of IQ imbalances. (2) • : channel taps from transmit antenna to receive antenna , as defined by (5) (4) • : received block of data by antenna before distortion by IQ imbalances, as defined by (6) • : received block of data by antenna after distortion by IQ imbalances, as defined by (11)(the cyclic prefix samples are eliminated at this stage from the received block of data) • : square circulant matrix defined as in (7) corresponding to the channel from antenna to antenna . The superscript is added to the vectors in this section (MIMO case) to differentiate them from the corresponding ones in the SISO case. Using the structure shown in Fig. 2 , data blocks received on different antennas for are collected into a column vector of size . As shown in [13] , the received blocks of data on different receive antennas before distortion by IQ imbalances are given by [using a similar structure as in (6) and (7) Fig. 2 . OFDM-based MIMO system with IQ imbalances. The data estimation block is shown in Fig. 3(b) based on the notation developed in Section III.
III. MIMO OFDM SYSTEMS
nalized by the DFT operation as . As in (11), the received block of data after distortion by IQ imbalances becomes 
where each is defined as in (21) for the channel from transmit antenna to receive antenna :
(32) The main difference between the above system (with IQ imbalances) and a MIMO OFDM system with ideal I and Q branches lies in the value of the subblocks . In a MIMO OFDM system with ideal I and Q branches, these subblock matrices are diagonal [12] , [13] . It can be easily seen that the system defined by (31) and (32) collapses to the ideal MIMO OFDM system by replacing , , with zero, as is expected. Rather than continue with the system defined by (31), this system can be reduced to smaller dimension subsystems. The subblocks resulting from regrouping terms are an extension of the structure defined by (23) and (24), such that for
where the pertinent quantities are defined by (34) and (35), shown at the bottom of the next page. A MIMO OFDM receiver using the above system of equations is shown in Fig. 3(b) . For comparison purposes, a standard receiver structure assuming ideal IQ branches is depicted in Fig. 3(a) . Note that the set of equations given by (33) reduces to two decoupled sets of equations by substituting and , , as is expected for the case of a MIMO OFDM receiver assuming ideal IQ branches.
From (33), it can be seen that a receiver for the MIMO OFDM system with IQ imbalances would have to solve subsystems of dimension each. In comparison, a receiver for MIMO OFDM with ideal I and Q branches needs to solve subsystems of dimension each. The presence of IQ imbalances basically couples every tone with its mirrored tone, i.e., and . Although the system of (33) completely specifies the input-output relation in the MIMO case, we will rearrange the input-output vectors into a format that will be useful for studying space-time block-coded systems. With the same notation used in (34) and (35), we introduce the following vectors for :
. . . . . . 
Using the above relations, (38) becomes
Comparing the above equation with (23) and (24), we see that this system of equations is an extension of the framework derived for SISO OFDM receivers.
The system of equations (51) can be used to estimate the transmitted data and from the received data and , given the assumption that no space-time coding is incorporated into the transmitted data and . 2 For instance, maximum-likelihood (ML), least-squares (LS), or minimum mean-square-error (MMSE) algorithms can be developed at the receiver based on (51). However, in the presence of space-time coded transmission, the system of equations by (51) can be reworked to exploit the structure of the space-time codes. In Sections IV-VI, the structure of space-time block codes is exploited to derive efficient receiver algorithms to compensate for IQ imbalances.
IV. MIMO RECEIVER WITH SPACE-TIME BLOCK CODING
In a MIMO OFDM system, space-time coding is typically applied independently on each tone . In other words, independent blocks of space-time coded data are transmitted through each tone. To incorporate space-time coding into (34) and (35), a superscript is added to represent the time instant. To be more specific, we have the following.
• will represent the transmitted data on tone and transmit antenna at time instant .
• will represent the corresponding received data on tone and receive antenna at time instant .
• contains the transmitted data on tone from all antennas at time instant , i.e., col . Now, assume that the transmitter uses a space-time block code of size , where is the depth of the block code in time. In this case, a block of data is transmitted, and each block contains a collection of vectors through , which is defined by (37), say
2 For example, the BLAST structures introduced in [14] and [15] should use the (2n 2 2n ) system of equations given by (51) instead of the (n 2 n )
system of equations used in standard MIMO systems.
and a similar structure holds for . Similarly, the corresponding received block of data is . . . . . .
and a similar structure holds for . Using the above notation in (51), the transmitted and received blocks of data are now related through (54) This system of equations should be used to estimate from . Based on the desired decoding algorithm, different receiver structures could be considered at the receiver. For instance, either the maximum-likelihood receiver or the least-squares receiver could be implemented. The maximum likelihood receiver estimates , , according to where represents the codebook for the transmitted blocks of data.
V. ALAMOUTI SCHEME WITH IQ IMBALANCES
The space-time structure of the transmitted blocks of data can be exploited in order to derive efficient receiver structures. We illustrate this fact by considering first the case of an Alamouti scheme with a 2-transmit and 1-receive antenna. Thus, let and . In the Alamouti scheme, symbols are transmitted at the first time instant, followed by at the second time instant [16] . An OFDM-based Alamouti scheme is depicted in Fig. 4 . In this case, the space-time block code given by (52) reduces to (55) and, similarly (56) where for the case of a 2-transmit 1-receive antenna, the matrix is given by (60), shown at the bottom of the page, by using (43)-(46). For a moment, let us consider an ideal receiver. In this case, the relation between and reduces to two decoupled systems of equations for tones and . For instance, for the data transmitted on tone , the system of equations becomes (61) with (62) Equations (61) and (62) Recovering from and using (64) and (65) is a decoupled estimation problem, and it achieves full diversity due to the following orthogonality property: (66) where is the identity matrix. The procedure that led from (61) to (64) for an ideal receiver can be applied to (59) for a receiver with IQ distortion.
Indeed, one can verify that repeating the above procedure for and in (58) [and, correspondingly, and in (57)] will result in the following structure. Let Each of these submatrices satisfies the orthogonality condition in (66) with a different scaling factor. Note that the matrix in (70) would be block diagonal if , i.e., if there were no IQ imbalances, in which case, (69) would reduce to two 2 2 decoupled systems, as in standard Alamouti decoding. The off-diagonal matrices in (70) are a result of the IQ imbalances. Therefore, we now need to deal with a 4 4 linear system of equations, as opposed to two decoupled 2 2 linear systems of equations. Still, the Alamouti structure of the submatrices in allows a computationally efficient implementation of the least-squares estimate of from in (69), namely 3 (75)
Note that the term has the following form:
where a regularization parameter is used.
The matrices and are diagonal, whereas and are again 2 2 Alamouti structured matrices. This is because the product and summation of 2 2 Alamouti matrices is 2 2 Alamouti again. Furthermore, note that . A useful property of Alamouti matrices is that their inverses can be obtained by conjugate-transposing them. Now consider the following matrix inversion formula: (78) where Let and . Furthermore, can be written as , since and are Alamouti structured matrices and related through . Then is diagonal. Thus, using the above formula to calculate the inverse of in (76), one can see that all the terms in (78) are trivial to compute since all the matrices to be inverted are diagonal.
VI. EXTENSION TO OTHER ORTHOGONAL SPACE-TIME BLOCK CODES (OSTBC)
We now show how the procedure of the previous section for Alamouti codes can be extended to any OSTBC [17] . More specifically, the procedure that led from (54) to (69) in the case of Alamouti codes will be extended to any orthogonal spacetime block code. The derivations in this section are presented for a system with a single receive antenna. In the context of orthogonal space-time block codes, the case of multiple receive antennas is a simple extension of the single receive antenna case. The following notation is adopted for the transmitted block of data in the case of orthogonal space-time block codes [18] :
where is a set of predefined coding matrices and is known to both transmitter and receiver. Moreover, denotes the number of independent symbols used to compose each transmitted block of data of size , and , represents the set of independent symbols used to compose the transmitted block of data on tone . Now, let us consider the system defined by (54) for a general orthogonal space-time block code. For a receiver without distortion, this system reduces to two decoupled systems of the form (with and )
where, similar to (61) and (62), the channel matrix is given by (81) It is shown in [18] that for any OSTBC, the system (80) can be reorganized into an equivalent system of the form 
where the notation in (79) is used, and is the matrix transpose operation. The least-squares solution to the above problem is [18] Re
Re (85) where the following orthogonality property holds (due to the orthogonality of the space-time block code):
Re (86) where is the Euclidean norm. In the case of IQ imbalances, it can be verified by following the same argument that resulted in (69)-(74) that the system of equations (54) in the case of orthogonal space-time block codes can be reduced to (87) with (88) where , , , and are defined by the channel matrices , , , and in (54), respectively, in a manner similar to how the matrix in (84) was defined from . Furthermore (89) where, based on the structure of (54)
and and are defined from and , respectively, in a manner similar to (84).
It can be seen that the submatrices in (88) 
VII. FURTHER ISSUES

A. Frequency-Flat versus Frequency-Selective IQ Imbalances
We now briefly discuss the frequency selectivity of the IQ imbalances and its effect on the receiver architectures presented in this paper. The distortion parameters and , have been considered constant throughout the derivations. By that, we mean that the and defined by (2) are assumed to be frequency independent since the physical mismatches and in (2) are considered to be so. An important consequence of this assumption is that the channel matrices defined by (35) use the same and parameters for all the tones , i.e., and are independent of the tone index . This is only valid if the physical imbalances are constant over the frequency band of operation. This is a valid assumption if the OFDM signal bandwidth is relatively small compared with the carrier frequency [4] . The impact of frequency dependency of IQ imbalances on the compensation schemes in the SISO case is discussed in greater detail in , and a similar argument holds for the MIMO case. For systems with higher bandwidths, this assumption is no longer realistic, and the imbalances may vary with frequency. Under such conditions, a frequency-selective IQ imbalance model is to be used. For frequency-selective imbalances, the system of equations 4 This is becauseŜ = argminkZ 0F F FS k :
It can be verified that
where we used the fact that governed by (35) can be modified by using frequency-dependent and , parameters. In other words, for the th tone, the distortion parameters in the equations should be considered as and . This modification will not affect the compensation schemes presented in the paper since they did not use the -independency of and in the first place.
B. Joint Channel and Distortion Parameter Estimation
The problem of estimating the channel/distortion parameters needed at the receiver for data recovery is not discussed in this paper. It is useful to realize that in the presence of IQ imbalances, the channel and distortion parameters are required for data recovery in a joint manner [see (77)]. In other words, the channel and distortion parameters are not required separately at the receiver, but a combination of them is used in the proposed receiver algorithms. For instance, in the Alamouti case, the scalar factor of the diagonal matrix in (77) is the sum of the squared values of the first-column elements in and . A joint channel and distortion estimation task at the receiver is then equivalent to estimating the matrix defined by (70). The input-output system given by (69) can be used to estimate from the received data , possibly by transmitting training data. Standard MIMO channel estimation algorithms can be applied here as well, since (69) essentially defines a MIMO problem with dimension 4 4. Similar to the data recovery algorithms, the structure of the system given by (69) can be exploited to derive efficient channel estimation algorithms. Addressing the channel estimation problem is beyond the scope of this paper. However, some efficient channel/distortion estimation schemes for the SISO case can be found in . The schemes presented there can be used as a starting point for channel/distortion estimation in the MIMO case.
VIII. SIMULATION RESULTS
A typical OFDM system with space-time coding is simulated to evaluate and compare the performance of the proposed schemes. In the simulations, the Alamouti scheme is applied on a -OFDM system, as was described in Section V. The parameters used in the simulation are as follows: OFDM symbol length of , cyclic prefix of , and channel length of . The channel taps corresponding to two transmit antennas are chosen independently with complex Gaussian distribution. In Figs. 5-8, "Ideal IQ" legend refers to a receiver with perfect IQ branches and perfect channel knowledge. The "IQ Imbalance/No Compensation" refers to a receiver with IQ imbalances without any compensation scheme. Finally, "IQ Imbalance/Proposed Scheme" refers to the receiver architecture proposed in Section V. Fig. 9 demonstrates how sensitive the proposed algorithm is to errors in the estimates of phase and amplitude imbalances. In this figure, the proposed algorithm uses estimates of the distortion parameters ( and dB instead of the exact distortion parameters ( and dB). The proposed scheme results in an acceptable performance, even with such errors in the distortion parameters estimates.
IX. CONCLUSIONS
The simulation results show that the achievable BER versus SNR in a system assuming ideal IQ branches can be severely limited by IQ imbalances. Combating the IQ imbalances in the digital domain has many advantages over the analog domain in terms of overall cost and complexity. The digital domain approach is motivated by the fact that the analog domain schemes are expensive in terms of area (cost) and power and are unable to completely remove such distortions. In this paper, receiver algorithms were derived for Alamouti-coded OFDM systems and were extended to other orthogonal space-time block-coded OFDM systems. In both cases, the receiver complexity was reduced by exploiting the orthogonal structure of the codes. The simulation results showed that the proposed receiver achieves a BER curve that is close to that of a system with ideal IQ branches. In the case of Alamouti codes, this improvement is achieved with a complexity that is close to that of a standard receiver with ideal IQ branches.
